We study deep inelastic scattering at large t' Hooft coupling and finite x from gauge/string duality beyond single-hadron final states which gives the leading large-N c contribution. Within the supergravity approximation, we calculate the subleading large N c contribution by introducing an extra hadron into the final states. We find the contribution from these double-hadron final states will dominate in the Bjorken limit q 2 → ∞ compared with the single-hadron states. We discuss the implications of our results.
I. INTRODUCTION
The gauge/string correspondence, since first conjectured [1] [2] [3] , has been used widely in studying nonperturbative aspects of QCD. As the first application to deep inelastic scattering (DIS), Polchinski and Strassler [4] have employed the correspondence to calculate the structure functions for hadrons at large t' Hooft coupling and large N c limit by introducing an infrared cutoff in the fifth dimension to mimic the confinement. Since then, there have been a lot of further investigations [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] along the direction. Compared to QCD, these studies show that the hadron structures in the strong coupling limit bear very different features at finite x, while sharing similar features at small x. It turns out that the structure functions in the strong coupling regime are all power suppressed at finite x, implying few partons gaining a finite amount of longitudinal momentum of the target hadron and almost all the partons squeezed into small x region. However, such conclusion can be arrived at only in the large N c limit from the contribution of single-hadron final states. It is valuable to investigate the structure functions beyond this limit, which is just the major concern of the current work.
It is non-trivial task to obtain complete contributions to the structure functions at the subleading large N c from gauge/string duality. For simplicity, we will restrict ourselves to the supergravity approximation, considering subleading contributions from the processes with only two scalar hadrons involved in final states. Through the specific calculation and power analysis, we find in the large N c expansion, compared with leading contribution, the subleading contribution can be less suppressed in the power expansion of 1/q. Thus the subleading contribution will dominate in the Bjorken limit q → ∞, which implies that large N c limit and the Bjorken limit do not commute with each other.
The paper is organized as follows. In Sec.II, we formulate the DIS on a scalar target in the gauge/string correspondence. In Sec.III, we evaluate successively the transition amplitudes, hadronic tensor and structure functions for the DIS process under the supergravity approximation. In Sec.IV. we analyze the power dependence on 1/q for varieties of channels and phase spaces and extract the leading contribution for the structure functions in the Bjorken limit q → ∞. In Sec. V, we discuss our results and give the summary.
II. DIS FROM THE GAUGE/STRING DUALITY
In the one-photon exchange approximation for DIS, the initial lepton interacts with the hadron target by the exchange of a virtual photon and the hadron absorbs the photon and decays into the final states. The cross section is determined by the hadronic tensor W µν which is defined as
where J µ is the electromagnetic current, q µ is the momentum of the virtual photon, p µ denotes the momentum of the initial hadron H and P X denotes the total momentum of the final hadron states X. For the spinless or spin-averaged hadrons, the hadronic tensor can be decomposed into
All the information for the hadron structure is encoded in the structure functions
and F 2 (x, q 2 ).
In the gauge/string duality, scalar hadrons correspond to normalizable supergravity modes of dilaton and the electromagnetic current corresponds a nonnormalizabel mode of a Kaluza-Klein gauge field at the boundary of the AdS 5 space. The mass gap of hadrons can be generated by breaking the conformal invariance through introducing a sharp cut-off 0 ≤ z ≤ z 0 ≡ 1/Λ. The metric in AdS 5 space can be written as
where η µν = (−, +, +, +) is the flat space metric at the boundary. The initial/final dilaton wave function satisfies the Klein-Gorden equation in AdS 5 and the corresponding normalizable solution with the boundary condition Φ(y, z 0 ) = 0 is given by
where κ = ∆ − 2 with ∆ the conformal dimension of the state, M κ,n z 0 denotes the n-th zero point of the Bessel function J κ and c κ,n is the normalization factor
In order to calculate the subleading large N c contribution from the final multiple-hadron states, we need the bulk-to-bulk propagator of dilatons in AdS 5 space which is given by
The main task of the remaining parts of this work is to calculate the above transition amplitudes, then square them to obtain the hadronic tensor and finally extract the structure functions. 
III. CALCULATION OF THE STRUCTURE FUNCTIONS
Substituting the wave functions of the initial or final states in Eq.(13) into the transition amplitudes and integrating out the boundary coordinates y and y ′ , we can have
where we have defined three scalar variables
and the reduced bulk-to-bulk propagators in the holographic radial coordinate which are given by
which correspond to s-channel, t-channel and u-channel, respectively. It should be noted that for brevity we will use the integral notation instead of the sum notation in the propagator.
However we have introduced the normalization factors c s , c t and c u so that they can be consistent with the cut off in the AdS space. The total transition amplitude is obtained by summing over all the contributions from different channels
where we have defined
From the relation between the hadronic tensor and the squared transition amplitude
and the definitions of the structure functions in Eq.(2), we can extract the the structure functions in the Bjorken limit q → ∞ with x fixed
where we have define three vectors as
In order to extract the leading contribution in the Bjorken limit q → ∞ with x fixed, it is convenient to define the following scaled variableŝ
With these scaled variables, we can rewrite the structure functions as
withĜ
It can be noticed that we need to deal with the integrals over triple Bessel functions, which in general cannot be calculated analytically. However we can choose some special cases, e.g., set κ 1 = 1, κ 2 = 0 and κ 3 = 1 and use the integral formula [23] 
we can havê
(41)
(42)
Now let us choose the center-mass frame of the initial dilaton and virtual photon, where
It follows that
IV. POWER ANALYSIS
In order to extract the leading contribution in the Bjorken limit q → ∞, we need analyze the power dependence of the structure functions on 1/q in different kinetic ranges. In our work, we will always assumeM 1 ≪ 1 for the initial hadron. Hence we can classify the kinetic ranges into four different parts according to the masses of the final hadrons:
with them one by one.
In this region, we can reduce the integrals in Eqs. (41), (42) and (43) tô
(47)
The normalization coefficient c 1 for the initial hadron in Eqs. (45) and (46) is always the order of 1 whenM 1 ≪ 1, while the normalization coefficients c 2 ∼ q 1 2 , c 3 ∼ q 1 2 for the final hadron states by using the asymptotic behavior of the Bessel function. Besides, the sum over M 2 and
In order to obtain the final power behavior, we need separate this kinetic region further according to the momentum of the internal propagator, which are given in Tab.I. It should be pointed out that the subscripts in the structure functions denote kinetic region c s ,c u ,c tĈs ,Ĉ u ,Ĉ t phase space structure functionŝ
the contribution from different channels, e.g., F ss means the contribution to the structure functions from the termĈ sĈ * s , F ut means the contribution fromĈ uĈ * t +Ĉ tĈ * u and so on. It is easy to show thatt +û ∼ 1, which implies that we do not need to consider the case where t ≪ 1 and u ≪ 1 at the same time.
2Ĉ
s ∼ 1
E. The final dominated contribution
From the above analysis, we find that the dominated contribution is from the t-channel
Hence, the leading contribution is given by
where we have extracted the power dependence and lump all the others into the functions f 1 (x) and f 2 (x) which are independent on q or at most dependent on q by ln q. Since what we are most interested in is the power dependence in our present work, we will not present their specific forms of f 1 (x) and f 2 (x).
V. DISCUSSION AND CONCLUSION
Now let us compare the above results in Eq.(59) from the subleading large-N c contribution with those obtained before from the leading large-N c contribution which is given by
Set κ 1 = 1 to be consistent with our present specific case, we can have
Therefore, we can noticed two significant differences between them. Firstly, for the leading large-N c contribution, the structure function F 1 (x, q 2 ) always vanishes while it will obtain nonzero contribution at the subleading large-N c order. As we all know, F 1 (x, q 2 ) is proportional to the Casimir of the scattered hadron under the Lorentz transformation, so it is natural that F 1 (x, q 2 ) vanishes when the virtual photon hits the original scalar target hadron directly at the leading large-N c order. However at the subleading large-N c order, the scalar target hadron can split into two scalar hadrons, each hadron can have orbital angular momentum and can lead to non-vanishing F 1 (x, q 2 ) when they are hit by the virtual photon. Such arguments can be verified by Eq.(26), in which only t-channel and u-channel contribute to F 1 (x, q 2 ) and s-channel in which the target hadron interacts directly with the virtual photon does not contribute at all. Secondly, the subleading large-N c contribution from the double-hadron final states is power less suppressed than the leading large-N c one.
The power dependence of the structure function is the same as that of the hadron 2 from the leading large-N c contribution. This conclusion makes sense, because in the dominant contribution as discussed above, the incoming hadron 1 splits into two hadrons 2 and 3, hadron 2 has the minimum twist κ 2 = 0 which propagates to the boundary of AdS z = 0 and interacts with the current. Int ≪ 1, we can regard hadron 2 as an almost on-shell hadron, hence the final power dependence should be controlled by the twist of hadron 2. Our calculation and analysis verify this argument, which was originally proposed in Ref. [4] . The result that the subleading contribution in N c will dominate in the Bjorken limit q 2 → ∞ implies that large N c limit and the Bjorken limit do not commute with each other. Such conclusion can lead to very important consequence in DIS from gauge/gravity duality. When we are calculating within supergravity, we a priori make the large N c limit first followed by the Bjorken limit, while when we are analyzing the process from OPE, we actually a priori make the Bjorken limit first followed by the large N c limit. If the large N c limit and the Bjorken limit do not commute with each other any more, these mutual comparison and analysis would lose valuable meaning. There's no doubt that we need further investigation along this direction.
We will postpone these work for the future.
